In the absence of effective antiviral therapy, HIV-1 evolves in response to the within-host 32 environment, of which the immune system is an important aspect. During the earliest stages of 33 infection, this process of evolution is very rapid, driven by a small number of CTL escape 34 mechanisms. As the infection progresses, immune escape variants evolve under reduced 35 magnitudes of selection, while competition between an increasing number of polymorphic alleles 36 (i.e., clonal interference) makes it difficult to quantify the magnitude of selection acting upon 37 specific variant alleles. To tackle this complex problem, we developed a novel multi-locus 38 inference method to evaluate the role of selection during the chronic stage of within-host infection. 39
Introduction 74 75
In the absence of effective antiretroviral therapy, HIV-1 evolves rapidly during infection. A key 76 driver of evolution is the influence of the host immune system; cytotoxic CD8+ T-cells (CTLs) and 77 neutralising antibodies (nAbs) impose selection on the virus, leading to the emergence of immune 78 escape mutations [1] . However, other factors also influence viral evolution. For example, the host-79 specific nature of the immune response leads to the accumulation of mutations which are 80 deleterious to the virus upon transmission to a new host. During the course of a new infection 81 such variants are often lost, in particular where they occur at sites which in general are under 82 strong purifying selection [2, 3] . Selection may further act for protein or RNA secondary 83 structure [4, 5] . 84
85
The complex nature of selection has led to multiple studies evaluating how the viral genotype may 86 be both constrained and shaped during the course of evolution. These include the use of 87 techniques for in vitro mutagenesis, and analyses of viral sequence data, evaluated at the level 88 of population consensus or through deep sequencing exploring within-host variation at one or 89 more time points during infection. For example, mutagenesis of HIV-1 proteins has allowed the 90 measurement in vitro of the effect of specific mutations [6] . The development of technologies for 91 high-throughput mutagenesis has enabled such measurements to be made across very large sets 92 of potential mutations [7] [8] [9] . Mathematical methods combining such results have been used to 93 generate an overview of fitness costs and epistatic effects for the virus [10] . Measurements of this 94 form provide a base-level estimation of the general fitness landscape of the virus, albeit that in 95 vitro data may be limited in the extent to which it captures the behaviour of the virus within a 96 human host. 97 98 Many years of study of HIV-1 have led to the collection of consensus genome sequence data for 99 a large number of individual infections [11] . Such data have allowed techniques such as the fitting 100 of maximum entropy models, which characterise the fitness costs of non-consensus variants in 101 regions of the viral genome [12] [13] [14] . In this case, the fitness effects learned give a picture of the 102 generic landscape upon which HIV-1 evolves, averaged over all within-host environments 103 represented by the sequence database, albeit those host-specific environments may differ [15, 16] . 104
The extent of conservation at a particular genetic locus indicates the extent to which purifying 105 selection acts upon the majority allele [17] . 106 107 Short-read deep-sequencing data has provided valuable insights into how fitness effects shape 108 the evolution of HIV-1. Studies can be broadly categorised into those that consider purifying 109 selection, and those that consider positive selection. Purifying (or negative) selection represents 110 the process by which deleterious variants are purged from a population. Over time the frequency 111 of a variant under purifying selection evolves in a statistically predictable way towards an 112 equilibrium state via mutation-selection balance [18] . Exploiting Consequently, distinguishing selected from non-selected variants poses a substantial challenge. 135
To address this, we present a de novo approach for inferring selection from HIV-1 sequence data 136 in which any variant allele may, in theory, be detected as under selection. We adopt a 137 parsimonious approach, assigning selection to the smallest set of variants required to explain the 138 observed multi-locus sequence data under a likelihood model. Applied to targeted sequence data 139 from a substantial cohort of 34 untreated individuals living in Uganda[32], we determine how 140 selection drives viral evolution. In the presence of pervasive interference between alleles in 141 linkage disequilibrium with one another, our consideration of data from a large number of 142 individuals is fundamental in providing statistical confidence in the assignment of selection. 143 Specifically, the repeated inference of selection at the same locus in independent cases of 144 infection enhances the power of our study to elucidate how selection during individual infections 145 shapes genetic diversity at the population level. Our method explicitly accounts for linkage disequilibrium between alleles observed in the 160 sequencing data [28, 33] ; however a potential exists for interactions between observed alleles, in 161 the targeted sequence region, and non-observed alleles in flanking regions of the genome. 162
Simulation studies showed that our approach performs well in multi-locus systems where all 163 selected alleles are observed, but is prone to generating false positive inferences of selection 164
where non-observed selected alleles are in linkage disequilibrium with observed alleles (S1 Text). 165
Despite not always attributing selection to the correct locus, the distribution of the inferred 166 strengths of selection, in cases where these could be inferred with confidence, was not statistically 167 distinguishable from the 'true' distribution of strengths used to conduct the simulations (S2 Fig;  168 p=0.078, Kolmogorov-Smirnov test). Interpreted at face value, these results reflect the extent of 169 selection in and around the regions of the genome under analysis without necessarily correctly 170 attributing selection to the correct genetic variant. 171
172
Strength and time of onset of selection 173 174 Inferred variants generally evolved under weak selection. Taking our inferences at face value, we 175 identified selected variants for which the magnitude of selection could be quantified with some 176 degree of precision. The uncertainty in our estimates depends upon the extent to which data are 177 available; for example, when a variant emerges and fixes between two time points, only a lower 178 bound on the strength of selection can be inferred [34] . For this analysis, we generated confidence 179 intervals for each inferred magnitude of selection using a likelihood-based method, retaining only 180 variants for which the upper and lower bounds of this interval differed by no more than an order 181 of magnitude. Our model assumed that a selected variant evolved under neutrality until some 182 fixed point in time, following which it conferred a constant fitness advantage or disadvantage to 183 the virus. Distributions of fitness effects compiled from the inference showed that most of the 184 identified alleles under selection experienced very weak selective effects, with long tails of alleles 185 evolving under strong positive selection (Fig 1) . In p24, around 65% of inferred selected variants 186 had a strength of selection of less than 5% per generation, while in gp41 approximately half of 187 variants were under this threshold. In our model, selection of 5% per generation would cause, in 188 the absence of interference effects, a change in allele frequency from 5% to 95% in a period of 189 just under eight months. Our approach likely underestimates the proportion of variants under 190 weak selection; very weak selection would not produce a change in the population sufficient to be 191 identified from the data. Variants which fixed in the population before the first sample was 192 collected also cannot be identified from our data, such that the extreme beneficial end of the 193 distribution may also be under-represented. Our result, of a preponderance of weakly beneficial 194 mutations during chronic infection, is robust to these two qualifications. Most selection acting upon 195 variants was inferred to kick in during the first year of infection and almost all within two years; we 196 note that the finite length of sequencing could restrict the inference of more lately selected 197 variation. 198 199
Distribution of selected variants among individuals 200 201
While the raw output of our inference method contains false positive inferences of selection, we 202 can use statistical analysis to identify specific sites in the genome containing variants under 203 selection. A unique aspect of this dataset is the large number of untreated individuals included in 204 the study. Where alleles at the same locus were inferred to be under selection in multiple 205 individuals, a statistical approach was used to infer loci at which, under conservative assumptions, 206 at least one of the inferred variants is genuinely under selection. Taking into account different 207 patterns for nonsynonymous and synonymous mutations, we estimated per-site false-positive 208 rates for nonsynonymous and synonymous mutations, which were subsequently used to identify 209 with statistical confidence sites that were under selection in at least one individual in our dataset. 210
Taking all 34 individuals into consideration, we calculated that in p24 we could be confident that 211 a site is under selection in at least one individual if mutations were inferred to be under selection 212 in at least five individuals, and/or if nonsynonymous mutations were inferred to be under selection 213 in two or more individuals, while in gp41 we could be confident if at least five mutations and/or 214 three nonsynonymous mutations were inferred to be under selection. Applying these criteria, we 215 identified 11 specific nucleotide sites, representing 10 amino acid (AA) positions, under selection 216 in p24, and likewise we identified 11 such sites, representing 8 AA positions, in gp41. All but four 217 mutations at these AA positions represented nonsynonymous changes (see Table 1 ). 218
Occasionally two different codons at the same AA position were found to be subject to selection 219 in a single individual, but in general repeated inferences of selection at an AA position occurred 220 in distinct individuals (S1 Table) . 221 222 Methods for further details). AA position 228 in gag is associated with compensatory mutations, rather than affecting sensitivity to CTLs directly. Position 286 in gag occurs in an epitope position 229 targeted by a common HLA allele in the Ugandan population and so is likely associated with CTL 230 escape. Positions 644, 648 and 655 were not associated with sensitivity to NAbs, but are in an epitope 231 region recognised by NAb HGF25. 232 c A nonsynonymous change was classed as a reversion if the nucleotide changed towards the subtype-233 specific population-level consensus, as an escape if the nucleotide changed away from the subtype-234 specific population-level consensus, and as neither of these if there was an nucleotide change which 235 remained different to the subtype-specific population-level consensus. 236 237 238
Using the Los Alamos HIV database (http://www.hiv.lanl.gov), we determined for each of these 239 AA positions whether they have previously been associated with changes in CTL susceptibility or 240 S2 Table) . In p24, nine of the 10 AA positions identified have 241 previously been associated with changes in CTL susceptibility and/or compensatory mutations. 242
The remaining codon (residue 286 in HXB2 gag) lies within CTL epitopes recognised by human 243 leukocyte antigen (HLA) alleles that are relatively common in the Ugandan population (A1101 and 244 B27[67]) and therefore mutations at this site probably affect sensitivity to CTLs, or possibly 245 compensatory mutations. In gp41, of the eight AA positions identified as being under selection, 246 five (residues 620, 624, 655, 674 and 677 of env) have previously been associated with NAbs, 247 including broadly neutralising antibodies (bNAbs). These are associated with the gp120/g41 248 interface and the membrane-proximal external region (MPER). The other three codons (residues 249 641, 644 and 648 of env) all lie within an epitope region that is targeted by the monoclonal 250 antibody HGF24, which has been shown to neutralise some viruses isolated from the African 251 continent[59]. Although we cannot rule out other sources of selection in env, particularly due to 252 CTLs, given the position of these codons on the genome, we believe selection due to humoral 253 immune pressure is more likely. As such, all of the sites we identified as under selection in p24 changes are towards population consensus suggests that in many cases antibody escape 281 mutations are deleterious in hosts without a matching antibody, but the stereotypical pattern of 282 adaptation in one individual followed by reversion in another at CTL immune epitopes is likely more complex for antibody-escape evolution, where escape mutations are sometimes, but not 284 always costly in the absence of antibody response [74, 75] . 285
286
We also determined the direction of change for all variants inferred to be under selection, which 287 will likely include variants under direct selection and variants changing in frequency due to hitch-288 hiking, and whether they represented synonymous or nonsynonymous changes (S3 Fig). We 289 found a clear correlation between the number of times that selection was inferred at an AA position 290 and the proportion of selected variants that were nonsynonymous (linear regression, p24 291 p=0.009, r 2 =0.85; gp41 p=0.007, r 2 =0.67). For gp41, a correlation was also found between 292 repeated selection at an AA position and a pattern of evolution towards the population consensus 293 (p=0.011, r 2 =0.63); around half of inferred selection events were towards population consensus 294 at the AA position most frequently inferred to be under selection. Although for p24 the linear 295 regression did not reveal a significant trend (p=0.400, r 2 =0.18), there is a distinction between AA 296 positions selected 2 or more times, which have a high probability of being towards subtype-297 specific population consensus (44%), and AA positions selected once, which have only a small 298 probability of being towards the consensus (5%). Our interpretation is that AA positions 299 represented once in our analysis disproportionately represent mutations increasing in frequency 300 due to hitch-hiking, with these mutations tending to be synonymous and away from population 301 level consensus. AA positions represented multiple times, on the other hand, are more likely to 302 represent immune escapes and reversions, and therefore tend to be nonsynonymous but with 303 only around half of mutations away from consensus. 304
305
Comparing codon diversity at the within-host and population scale 306 307 Our data showed a strong relationship between within-and between-host sequence diversities, 308
where the diversity of codons was measured at each AA position. Within-host diversity was measured approximately three years after seroconversion for each of the 34 individuals, and the 310 mean calculated. Diversity at the population scale was calculated as the mean of the diversities 311 for each of the subtypes A, D, and C, using virus sequences from a large number of individuals 312 living in Uganda around the same time as the 34 individuals in our study (see Methods). 313
Consistent with previous studies [2], we identified a strong relationship between measurements 314 of sequence diversity calculated at the within-host and population scales (Fig 3) , with all AA 315 positions found to be highly diverse at the within-host level also highly diverse at the population 316 level. Moreover, all but one of the AA positions containing nucleotide sites that we are confident 317 are under selection are also diverse at the population level (the exception being residue 302 in 318 gag). Given that most changes at these sites probably reflect escape from host immune 319 responses, compensatory mutations, or reversions of these escapes in subsequent individuals, 320 diversity at the population scale at these AA positions is likely maintained by the differing selection 321 pressures faced by variants in different hosts due to different immunological backgrounds. 322 323 Not all AA positions found to be highly diverse at the population level were detected as being 324 under selection, with a high degree of confidence, at the within-host scale. This observation could 325 arise if codons at these positions are under selection in some individuals in the population, but 326 we failed to observe it with confidence, either because we sampled too few individuals, selection 327 was too weak to be detected, and/or selection drove fixation events before the first sampling time We developed a novel inference framework to infer the extent of selection acting upon variants 337 which drive the evolution of within-host HIV-1 populations, considering data from the p24 region 338 of gag, and gp41 of env, from 34 longitudinally sampled untreated individuals. A frequent 339 assumption is that beneficial mutations will rapidly spread within individuals once they occur [19] . 340
For example, it is well established that CTL-escape mutations accumulate and spread rapidly 341 during acute infection [20] [21] [22] [23] [24] [25] [26] , albeit that the rate of allele fixation decreases considerably during 342 chronic infection [23, 26] . However, estimating the extent and strength of positive selection during 343 infection more generally is challenging due to genetic linkage among variant alleles, which makes 344 differentiating between selected variants and variants that are increasing in frequency due to 345 linkage with a selected variant (hitch-hiking) difficult. Our de novo approach incorporates genetic 346 linkage and recombination. Furthermore, it is generally assumed that during untreated infection 347 selected variants are associated with immune escape; our approach is agnostic with regards to 348 phenotypic data, potentially allowing any polymorphic site in the genome to be identified as under 349 positive selection. and 425 days since seroconversion, and therefore we will not detect variants that were under 359 strong selection and rapidly reached fixation before the first sampling time point. Furthermore, the 360 magnitude of the most strongly selected variants could not always be quantified; where fixation 361 occurs entirely in the interval between two consecutive time points, no upper bound on the 362 magnitude of selection could be fixed. 363
364
A unique aspect of our study is the large number of individuals for which we have data. 365
Comparisons among individuals revealed AA positions which were inferred to be under selection 366 in multiple (up to ten) individuals, with selected changes at these sites likely reflecting the gain or 367 loss of CTL-escape mutations in p24, antibody-escape mutations in gp41, and escape-related 368 compensatory mutations. Moreover, these sites were also found to be highly diverse at the 369 population level. This is consistent with a pattern where a minority of codons are repeatedly under In order to evaluate selection within a host, we employed a likelihood-based inference framework 407 to infer the most parsimonious explanation of the sequence data in terms of a model of selection 408 acting for specific nucleotides in the viral population. Some of the mathematical aspects of this 409 framework have previously been applied in studies of the within-host evolution of the influenza 410 virus [33, 89] , albeit that the model used in this case is specific to HIV-1. Our model explicitly 411 accounts for linkage disequilibrium between alleles and builds upon earlier approaches for 412 inferring selection in cases where linkage is of importance for evolution [24, 28, 90, 91] . points spanning between two and seven years of infection (see Table 1 As a preliminary step in the evaluation of sequence data, an estimate was made of the extent of 431 noise in the data. While short-read sequencing allows very high read depths to be achieved, the 432 incomplete sampling and inaccurate sequencing of a viral population imply that the extent of 433 information in a viral dataset is often less than that assumed by a binomial or multinomial 434 model [93] . While sequencing noise may be complex in nature, one approach to accounting for 435 noise within an analytical likelihood framework is to employ a Dirichlet multinomial likelihood 436 function with parameters equal to a constant term, C, multiplied by the underlying genotype We used putatively hitch-hiking trajectories to derive an estimate of noise in the sequence dataset. 450
Loci were identified within the data from each patient at which a minor allele frequency of at least 451 10% was observed for at least two points in time. In a given patient we denote the trajectory 452 The derived value of C provides a proxy measurement of the extent of noise in the data and was 500 used in further likelihood calculations; we inferred the value C = 100.359. We note that patterns 501 of noise in genome sequence data may be substantially more complex than represented by our 502 model; our likelihood, combined with the BIC model selection framework, provides a simple yet 503 analytically tractable approach for the inference of selection parameters from real genome 504 sequence data. population. Within the model the frequency of the haplotype a at generation tk was specified by 535 the frequency qa(tk), frequencies changing according to the three evolutionary processes. The 536 model system was propagated within the space of observed haplotypes using a Wright-Fisher 537 approach of discrete generations, with successive steps of mutation, recombination and selection. 538
539
Mutation was approximated as occurring between haplotypes that differ by a single nucleotide 540 with rate μ per generation. Recombination was approximated as occurring in a pairwise manner 541 between haplotypes with rate ρ per base per generation. That is, if a recombination event 542 occurring between the loci indexed i and i+1, and involving the haplotypes a and b, were to 543 produce the haplotype c, then in our model the new haplotype was produced at rate 544 Δi,i+1ρqa(tk)qb(tk) where Δi,i+1 is the sequence distance between loci i and i+1. 545 Supposing the maximum log likelihood for a given inferred system to be equal to some value L, 582 error bars were generated via a constrained exploration of the model space, in which a change 583 in model parameters was accepted if the resulting likelihood was not greater than L-2, and for 584 which changes to the parameter of concern, i, were constrained so that this parameter could 585 only change in a specific direction; forcing this parameter to increase generated an estimate, after 586 repeated iteration, for the upper error bar of this parameter, while forcing this parameter to 587 decrease generated an estimate of the lower error bar of this parameter. This diversity statistic has been shown to be less prone than some other metrics to biases at the 633 intra-host scale[102], and using codons (nucleotide triplet motifs) rather than amino acids or single 634 nucleotides means our measure incorporates synonymous and nonsynonymous diversity whilst 635 still enabling comparison with information on sensitivity to host immune responses, which is 636 typically given at the amino acid level. To determine the mean intra-host diversity at a given codon 637 position, we calculated π for each individual and then took the mean for all 34 individuals. To 638 determine the mean inter-host diversity at a given codon position we calculated π for each 639 subtype, and then took the mean for all three subtypes (A, C and D). 640 641
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